SUMMARY
INTRODUCTION
Distribution operators customers satisfaction plays a major role within the assessment of distributors activity under current conditions in most of the distribution and transmission structures across the world. Under this scenario deterioration of clients utilisation devices due to events happened in distribution operators assets represent a phenomenon to be contained via organisational and technical means. For four-wire low voltage networks overvoltages caused by interruption of the operational neutral conductor result in major disruption of the utilisation equipment including irreversible damage. In order to prevent these things to happen an in-depth knowledge of the phenomena implied in development of such behaviour is valuable. Although a significant share of published works go into the analysis of harmonically perturbed effects on the neutral loading, such as Verde et al. [1] , Arthur and Shanahan [2] , Bompard et al. [3] , Desmet et al. [4] and Toader et al. [6] , little effort has been deployed to find accurate explanations of the phenomena usually associated to neutral interruption. A mathematical model able to capture and represent as adequate as possible the distribution and utilisation networks behaviour when operational neutral interruption occurs is presented in the coming sections. This model is subsequently applied to determine effects of this event when it happens in different sections of a given distribution network with a typical layout. The mathematical model includes a detailed writing of the network operational equations where the impedances associated to various sections of the neutral conductor, given the hypothetic location of single-phase customers, are no longer negligible. The approach is not far from the one presented by Levey [7] but has some particularities that will be thoroughly explained in the coming sections. By accurate handling of these equations, according to various scenarios of interruption locations, the analytical formulae for voltages applied to each single-phased customer can be derived. The presented model is then applied to determine the effects this event may cause in various locations of a simplified electrical network, considered representative for such networks. Some comments on the effects detected via the theoretical model are inserted at the end of the paper.
ANALYTICAL DETERMINATION OF THE STEADY STATE OPERATION REGIME

Computation Hypothesis
Generally speaking a simplifying hypothesis used in handling low voltage networks is to regard the supply voltage system to be symmetrical and balanced, i.e. at any time to hold this relationship:
where (A, B, C) are subscripts to depict the three phases of the system while N holds for the neutral. In completion of the data needed to describe the mathematical model one needs to have the material parameters of low voltage network elements, i.e.: -resistances for the active and neutral conductors; -both mutual and self -inductances of the electrical network components; -capacities of all conductors. It has been also considered that the low voltage distribution network does not benefit of the presence of multi-grounded neutral, a situation quite often encountered in old structures.
The Case of Three Single-Phased Loads
The steady-state equations for the simplified situation presented in figure 1 , before the neutral conductor interruption, are as follows:
where the quantities involved represent: - The voltages for a, b, c points in figure 1 can be expressed as: 
DETERMINATION OF OPERATING REGIME AFTER NEUTRAL INTERRUPTION
In order to fully determine the state variables associated to the operating regime resulting from neutral interruption, beside the quantities mentioned above one needs to have information on currents and voltages prior to event occurrence, i.e. For the network in figure 1 several cases can be considered and they are briefly summarized in the following.
Case 1 -Neutral interruption occurred on N-a section
The steady-state equations will be modified to embed the effects of this interruption. Therefore in first equation ( ). The load impedances are those determined according to previous section, last paragraph. The voltages that result to be applied to single-phased loads according to equation (6) are of importance since they represent the stress to which electrical utilisation equipment is subjected. Equation (6) will preserve its validity and should be again applied in order to determine the stress to which utilisation equipment is exposed.
Case 3 -Neutral interruption occurred on b-c section
In a fairly similar manner as the ones previously described the interruption can be represented via ∞ → The sequence to be used for the resolution of the mathematical model described in the previous paragraphs of the paper consists of the following stages: collection of the material and state variables; determination of the steady-state operating regime for the normal operational conditions, via simultaneous resolution of equations (2), (3) (2), (3) and (8) (6) the voltages applied to each single-phased load can then be determined for each of the possible cases. This represents essentially the mechanism, still under development to ensure wider coverage of the distribution network size, to be employed for the assessment of the voltage stresses to be applied to electrical equipment in networks affected by neutral conductor interruptions.
RESULTS OF TEST CASES
In order to check for consistency of the proposed approach a simple typical network layout has been considered with various loading scenario. The three single-phased loads taken into consideration were thought typical for low voltage networks, in the form presented in Table. 1. The distribution network used for the test case follows the layout of the figure 1, with parameters as presented in Table 2 .
In the distribution network the grounding of each and every connection of a single-phased load has been neglected. It is a condition of the low voltage networks quite frequently encountered in the case of residential areas in Bucharest, when solid grounding occurs only at the connection point of an apartments block. For the single loads presented in Table 1 , there were several combinations taken into consideration for which results are presented in Table 3 . The combinations resulted both from mixing phase loads inductive and capacitive character and different power factors for each of the phase load in one loading scenario. Additional results are presented in Table 4 , using the same arrangement of loading scenario, identifiable from the 'case' column. For both result tables, i.e. 3 and 4, the 'Z cons ' column introduces the values of the load impedances as resulted from the operating conditions obtained due to neutral conductor interruption.
COMMENTS
Following the application of the proposed mechanism several ideas come prominent. In several of the test cases significantly higher voltages in comparison to the rated values were applied to the loads. More exposed resulted to be the loads connected to phases A and B (less often) in the case the neutral conductor was interrupted within section N-a. Whenever a mixture of inductive and capacitive loads were supplied on the system the value of the resulting overvoltages exceeded by far normal operational voltages.
In so far the proposed model arrives to explain to some extent the damages observed when such networks were suddenly exposed to neutral interruption conductors. In addition it supports the observation that the further the interruption occurs by comparison to the neutral grounding location, the less important overvoltages may be. In addition to this any neutral conductor interruption, even if not causing overvoltages, it results into a consistent over-loading of the neutral conductor with potential irreversible damage of its insulation through thermal effects. Usual means to mitigate the effects mentioned above are rigorous provision of direct grounding in as many locations in the network as affordable. Of course an optimal number of grounding rods per section of low voltage network can be derived using a model as the one we proposed here. An extension of this work would be to produce a more compact form, applicable at larger sizes of low voltage networks.
